Background-In patients with mitral valve prolapse, nonprolapsed leaflets are often apically tented. We hypothesized that secondary left ventricular dilatation attributed to primary mitral regurgitation (MR) causes papillary muscle (PM) displacement, resulting in this leaflet tenting/tethering, and that secondary tethering further exacerbates malcoaptation and contributes to MR severity. Methods and Results-Three-dimensional transesophageal echocardiography was performed in 25 patients with posterior mitral leaflet prolapse with an intact anterior mitral leaflet (AML) and 20 controls. From 3D zoom data sets, 11 equidistant antero-posterior cut planes of the mitral valve at midsystole were obtained. In each plane, tenting area of nonprolapsed leaflet and prolapse area of prolapsed leaflet were measured. Prolapse/tenting volume of each region was obtained as the product of interslice distance and the prolapse/tenting area. AML tenting volume and whole leaflet prolapse/tenting volume were then obtained. The PM tethering distance between PM tips and anterior mitral annulus was measured from 3D full-volume data sets. The severity of MR was quantified by vena contracta area extracted from color 3D transesophageal echocardiography data sets. AML tenting volume was significantly larger in patients with posterior mitral leaflet prolapse compared with that in controls (1.2Ϯ0.5 versus 0.6Ϯ0.2 mL/m 2 ; PϽ0.001). Multivariate regression analysis identified independent contribution to AML tenting volume from an increase in PM tethering distance. Multivariate regression analysis identified independent contributions to MR severity (vena contracta area) from both whole leaflet tenting volume (rϭ0.44; PϽ0.05) and prolapse volume (rϭ0.44; PϽ0.05). AML tenting volume decreased along with left ventricular volume and PM tethering distance postrepair (nϭ8; PϽ0.01). Conclusions-These results suggest that primary mitral valve prolapse with MR causes secondary mitral leaflet tethering with PM displacement by left ventricular dilatation, which further exacerbates valve leakage, constituting a vicious cycle that would suggest a pathophysiologic rationale for early surgical repair. (Circulation. 2012;126[suppl 1]:S214 -S221.)
M itral valve (MV) prolapse (MVP) is defined by superior displacement during systole of the free edge of leaflet beyond the annular level, resulting in coaptation failure and mitral regurgitation (MR). [1] [2] [3] Severe MR attributed to MVP is associated with excess mortality and high morbidity, requiring surgical intervention. [3] [4] [5] The severity of MR is only approximately proportional to the degree of MVP. 6, 7 Annular dilatation is also known to exacerbate MR attributed to prolapse. 8, 9 However, the relation between annular dilatation and MR severity is not also always strong. 6 Therefore, determinants of MR severity in patients with MVP have yet to be fully clarified.
We have frequently observed that nonprolapsed leaflets are surprisingly apically tented to a mild to moderate degree in patients with MVP ( Figure 1 , Video 1). Mitral leaflet tenting is commonly observed in patients with ischemic MR. 10 -14 In ischemic MR, the basic mechanism of mitral leaflet tenting is leaflet tethering by the outward displacement of the papillary muscles (PMs) because of left ventricular (LV) remodeling or dilatation. 10 -14 Primary MR with prolapse is known to cause frequent mild-to-moderate LV dilatation. 3, 15 We, therefore, hypothesized that MR attributed to primary MVP causes frequent mild-to-moderate LV dilatation with PM outward displacement, resulting in secondary tethering of nonprolapsed leaflets. We further hypothesized that such MV tethering, in addition to MVP, can exacerbate malcoaptation and MR, constituting a vicious cycle. Three-dimensional transesophageal echocardiography (TEE) allows accurate evaluation of 3D morphology of the MV complex. 16 Accordingly, the present study was designed to use 3D TEE for the following: (1) to evaluate the presence of apical tenting of nonprolapsed leaflets in patients with MVP; (2) to investigate determinants of apical tenting of nonprolapsed leaflets; and (3) to determine whether apical tenting of leaflets exacerbates MR along with MVP, constituting a vicious cycle. Such a vicious cycle would further suggest a pathophysiologic rationale for early surgical repair.
Methods

Study Population
Among 42 consecutive patients who underwent 3D TEE because of MVP and moderate/severe MR, 17 were excluded for the following reasons: (1) 8 were excluded because of concomitant anterior mitral leaflet (AML) thickening and prolapse; (2) 4 were excluded because of concomitant infective endocarditis involving the AML; (3) 4 were excluded because of atrial fibrillation when they underwent 3D TEE; and (4) 1 was excluded due to having an obvious outlier of prolapse volume. The remaining 25 consecutive patients with posterior mitral leaflet (PML) prolapse and an intact AML by TEE and/or surgical observation and 20 patients without cardiac disease undergoing TEE for the source of embolism constituted the study subjects. We considered that it was reasonable to select patients with PML prolapse and intact AML for this study, because one of its purposes was to evaluate whether secondary tethering develops. In this case, it is preferable to evaluate tethering in a normal leaflet in the presence of prolapse of the other leaflet. The study was approved by the institutional review board, and written informed consent was obtained at the time of consent for the clinical TEE procedure in all of the patients.
Three-Dimensional TEE Measurements of MV and LV
Three-dimensional TEE was performed using a commercial ultrasound imaging system (iE33, Philips Healthcare, Andover, MA) equipped with a fully sampled matrix-array TEE transducer (X7-2t). After induction of pharyngeal topical anesthesia and intravenous sedation, the TEE probe was advanced into the esophagus. Threedimensional zoom mode images of the MV apparatus were acquired during 1 or 2 cardiac cycles. Three-dimensional MV quantification of tethering and prolapsed volume was performed using a commercially available software (i-slice mode, Phillips). From 3D zoom data sets, 11 parallel and equidistant antero-posterior planes of the MV at midsystolic frame were extracted ( The product of the prolapse/tenting area and interslice distance expresses the prolapse/tenting volume in the region with each plane. The sum of the prolapse/tenting volume in each region expresses the prolapse/tenting volume of the whole leaflet. The sum of the anterior mitral leaflet (AML) tenting volume in each region expresses the AML tenting volume.
regional prolapse/tenting volume was obtained as the product of interslice distance and the prolapse/tenting area ( Figure 2 ). The sum of the prolapse/tenting volume in each region expressed the prolapse/ tenting volume of the whole leaflet. The sum of the AML tenting volume in each region expressed the AML tenting volume. Averaged AML tenting height was calculated as the AML tenting volume divided by the AML projected area.
Because MR severity in MVP varies during systole and midsystolic prolapse may represent the total burden, 17,18 2 orthogonal long-axis views of the narrowest jet origin of MR (vena contracta) at midsystole were obtained from 3D full-volume color data sets using the multiplanar reconstruction mode (3DQ, Philips; Figure 3 , left and middle panels). A third plane (Figure 3 , right panel) perpendicular to both long axis planes was manipulated to obtain the cross-sectional 2D plane of the vena contracta. The vena contracta area (VCA) was manually traced using the magnified view mode. 19, 20 This measure is independent of geometric assumptions regarding the MR flow field and robust relative to color Doppler setting that varies the size of the turbulent atrial jet.
From the same 3D zoom data sets, an antero-posterior plane that bisects the mitral annulus and includes the center of the LV long axis was determined at midsystole. From this long axis cut plane, planes were rotated every 22.5°around the center of the mitral annulus. In these 8 cut planes, mitral annular points were determined, and the mitral annular area (MAA) was calculated as the projected area onto a least-squares plane using a quantitative software (MVQ, Philips). 21 From full-volume data sets of the LV, anterior and posterior PM tips at midsystole were simultaneously visualized in a single plane by manipulation using the multiplanar reconstruction mode (3DQ, Philips). Distance between both side PM tips was measured. To evaluate outward displacement of PM tips, the anterior PM tethering distance from anterior PM tip to anterior mitral annulus at the point between aortic valve left coronary cusp and noncoronary cusp was measured. The posterior PM tethering distance was also similarly measured. Sum of both PM tethering distance (PM-MA) was calculated, which includes all apical, posterior, and medio-lateral PM displacement. Anterior PM tip height was measured between anterior PM tip and mitral annular line in a long-axis LV cut plane visualizing AML indicates anterior mitral leaflet; APM, anterior papillary muscle; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; LV, left ventricle; MV, mitral valve; PM, papillary muscle; PM-D, distance between the tips of the PMs; PML, posterior mitral leaflet; PM-MA, distance between the PM tip and anterior mitral annulus; PPM, posterior papillary muscle.
*P values were derived from Mann-Whitney U test. both PM tip and mitral annulus. Posterior PM tip height was also similarly measured. These express apical displacement of PMs. LV volumes were determined using a commercial software (3DQ ADV, Phillips) from the same full-volume data sets of the LV. Briefly, 5 anatomic landmarks (4 points for the mitral annulus and 1 point for the LV apex) on the end diastolic apical 4-and 2-chamber views were manually determined from the pyramidal data set. The 3D endocardial surface was automatically reconstructed using a deformable shell model. Subsequently, the end systolic frame was manually selected by identifying the frame with the smallest LV cavity in both apical views. After similar initialization, LV surface detection was repeated on this frame to calculate end systolic volumes. Finally, the computer algorithm automatically tracked the endocardial border throughout the cardiac cycle. Dynamic "casts" of the LV endocardium and LV volume versus time curve were displayed, from which LV end diastolic, end systolic, and midsystolic volumes (LVMSV) were calculated. LV ejection fraction was also calculated. 22
Statistical Analysis
Clinical characteristics and echocardiographic measurements of the subjects were compared between those with PML prolapse and the control group. Mann-Whitney U test was used to test the differences in continuous variables between the subjects with PML prolapse and the control group. Spearmen correlation coefficient was performed to investigate the relationship between AML tenting volume versus LVMSV and PM-MA. Spearman correlation coefficient was also performed to evaluate the relationship between VCA versus the whole mitral leaflet tenting volume, prolapse volume, and MAA. Univariate and multivariate regression analyses were used to evaluate whether PM displacement, LV dilatation, and mitral annular dilatation would have association with AML tenting volume. Uni-variate and multivariate regression analyses were also used to evaluate whether the whole mitral leaflet tenting volume, prolapse volume, and MAA would have association with the severity of MR (VCA). For this purpose, whole mitral leaflet tenting volume, as opposed to AML tenting volume, was analyzed. Paired t test was used to test differences in AML tenting volume, LV size, and PM tethering distance before and after surgical intervention. A P value of Ͻ0.05 was considered significant.
Results
Clinical Profiles of Patients
The clinical characteristics of the 2 groups are shown in Table  1 . Both groups had a similar age, sex distribution, body surface area, hear rate, and blood pressure. Of the 25 patients with PML prolapse, 10 had isolated P2, 13 had isolated P3, and 2 had P2ϩP3 prolapse. In addition, 22 patients had MVP caused by chordal rupture. Seventeen patients subsequently underwent surgical operation, including MV repair in 11 and replacement in 6.
Increased Tenting in AMLs
AML tenting volume, whole MV tenting volume, and averaged AML tenting height in patients with PML prolapse were significantly larger compared with those in control subjects (PϽ0.001; Table 2 ). The incidence of increased AML tenting volume and averaged AML tenting height above the normal limit (mean ϩ2 SDϭ0.95 mL/m 2 and 0.42 cm/m 2 , respectively) in patients with PML prolapse was 19 (76%) of 25 and 15 (60%) of 25, respectively. Although LVEF was not different between the groups, LV end diastolic volume, LV end systolic volume, PM-MA, and distance between both side PM tips were significantly larger in the PML prolapse group compared with those in control subjects (PϽ0.001), frequently showing mild-to-moderate LV dilatation and PM displacement in this group. Anterior PM tip height and posterior PM tip height were not different between the 2 groups. These indicate mediolateral or posterior displacement of PM, as opposed to apical displacement, in patients with PML prolapse. The whole MV prolapse volume and VCA were significantly greater in PML prolapse by definition. In addition, MAA was also significantly larger in patients with PML prolapse (PϽ0.001). Significant correlations were observed between AML tenting volume and LV volumes, as well as indices of PM displacement (Figure 4 ). In the univariate regression analysis, PM tethering distance (PM-MA), LV midsystolic volume, and MAA were significantly associated with AML tenting volume in patients with PML prolapse (Table 3 ). In the multivariate regression analysis including PM displacement, LV volumes, and MAA, only PM-MA showed significant association with AML tenting volume ( Table 3 ). The scatter in Figure 4 right top panel may suggest individual variable leaflet tethering by a given degree of PM displacement attributed to heterogeneous structure of MV complex. Univariate regression analysis identified significant association between averaged AML tenting height versus PM-MA, LV midsystolic volume, and MAA. Multivariate analysis similarly identified significant association between averaged AML tenting height and only an increase in PM tethering distance (Table 3 ).
In 8 of 11 patients who underwent MV repair, we repeated 3D TEE study 18Ϯ6 days after surgery. AML tenting significantly reduced (PϽ0.01) and disappeared in most of the patients, along with the reduction in LV volume (PϽ0.01) and PM tethering distance (PϽ0.01; Figure 5 ).
Relationship Between the Severity of MR and MV Geometry
The VCA had significant correlations with whole MV tenting volume (rϭ0.44; PϽ0.05) and whole MV prolapse volume (rϭ0.44; PϽ0.05) in patients with PML prolapse. VCA tended to be greater with annular dilatation but without statistical significance ( Figure 6 ). Univariate regression analysis identified significant association between VCA and whole MV tenting volume, whole MV prolapse volume, and MAA in patients with PML prolapse. In the multivariate regression analysis, both whole tenting volume and prolapse volume showed significant association with VCA (Table 3 ).
Discussion
This study demonstrated that AML tenting was significantly increased in patients with an isolated PML prolapse compared with control subjects. This AML tenting was proportional to PM displacement attributed to LV dilatation, suggesting that primary MV prolapse causes secondary LV dilatation and mitral leaflet tethering, especially in nonprolapsed leaflets. In addition, both MV prolapse and tenting independently contributed to the severity of MR. These results suggest that primary MV prolapse with MR causes mild-to-moderate LV dilatation with PM displacement, leading to secondary MV tethering, which further exacerbates MR, constituting a vicious cycle. It is known that MR progresses in patients with MVP with progression of flail leaflet. 8 The current study suggests that MR may also progressively increase as the LV dilates, although it was difficult to prove a chronological relationship between dilatation of the LV cavity and AML tethering.
Relation to Previous Studies
The dynamic nature of ischemic/functional MR has been shown by significant worsening by exercise, [23] [24] [25] and this dynamic nature of MR has also been reported in organic leaflet disease. 26 -28 Yoran et al 28 have examined the dynamic nature of MR in an animal model with leaflet incision. By administration of vasodilator, ␣-stimulant, and ␤-stimulant, MR volume changed according to the hemodynamic changes. The investigators further observed that the MR orifice area also dynamically changed, that is, decrease, increase, and decrease in the regurgitant orifice area by vasodilator, ␣-stimulant, and ␤-stimulant, respectively. Changes in MR orifice area were consistent with changes in LV volume; therefore, they considered that the dynamic nature of MR orifice area was related to dynamic annular size changes. Ormiston et al 9 reported that mitral annular dilatation could occur as a primary pathology in patients with MVP and that the development of significant MR was associated with further dilatation. In addition, Enriquez-Sarano et al 8 reported an association of annular dilatation with MR worsening in patients with MV prolapse, suggesting annular dilatation as a significant factor to exacerbate MR by prolapse. This study further demonstrated that secondary mitral leaflet tethering with PM displacement attributed to LV dilatation is associated with exacerbation of the severity of MR in addition to the primary MVP.
Clinical Implications
The degree of MV prolapse and regurgitation is correlated with each other but may not be closely correlated. 6, 7 We occasionally encounter patients with severe MV prolapse and only mild regurgitation. We have also observed patients with mild prolapse but severe regurgitation. By taking leaflet tethering and annular dilatation into consideration, interpretation of the pathophysiology of MV prolapse may be improved.
The current study has suggested that primary MV prolapse causes secondary tethering by the outward displacement of PMs because of LV dilatation. This secondary tethering is likely to affect the whole MV as opposed to only the nonprolapsed leaflet. Therefore, in the presence of secondary LV dilatation, primary MV prolapse relative to the annulus may appear attenuated. In our study, MV prolapse volume relative to the annulus did not have significant correlation with the severity of MR (rϭ0.18; P value not significant). This result suggests caution in evaluating MV prolapse relative to the annulus, especially in the presence of LV dilatation.
LV size and LV systolic dimension are important factors to consider in the surgical indication for MV prolapse. 3, 15 MV prolapse, causing a secondary LV dilatation, is important information for recommending surgery to patients. However, LV dilatation by primary MV prolapse is often only mild to moderate. Normal values of systolic LV dimensions also vary among individuals. 29 Therefore, it is often difficult to judge the presence or absence of varying degrees of abnormal LV dilatation in patients with physiological variation in LV size. In the 19 patients with abnormally increased AML tenting volume in this study, LV end systolic volume index was 14-37 mL/m 2 (27Ϯ7 mL/m 2 ) and LV end-systolic dimension was 13-25 mm/m 2 (19Ϯ3 mm/m 2 ). Therefore, LV end systolic volume index and LV end-systolic dimension were frequently within the reference range (4 of 19 and 12 of 19, respectively) despite abnormally tethered AML. Tethering in nonprolapsed leaflets may suggest the presence of significant LV dilatation, even with LV size in the reference range, and can be a consideration in decision making for early MV surgery. 30 Results of this study were obtained by 3D TEE. Quantitative analysis of tenting or prolapse seems difficult by individual 2D images. The current study reveals unique information that 3D echocardiography can provide, showing the use of 3D echocardiography to investigate pathophysiology of MV disease. 12, 19, 20, 31 
Limitations
This study has several limitations. The number of patients in the current study was limited. This study population only included patients with isolated PML prolapse. Therefore, the effect of AML prolapse on secondary tethering was not evaluated. The incidence of AML tethering in the current study was considerably high (76% or 60%, depending on definition). The incidence of AML tethering may vary depending on the study population. We selected patients with PML prolapse and moderate/severe MR, requiring transesophageal study, but without AML organic lesions. We selected the population in this study to evaluate secondary AML tethering attributed to primary PML prolapse. The incidence of AML tethering in general patients with PML prolapse with often mild MR and concomitant AML lesions can be considerably lower compared with that observed in the current study. In theory, secondary LV dilatation and tethering may affect the entire valve, including the prolapsed leaflet. Secondary LV dilatation and tethering may mask the degree of primary valve prolapse, especially evaluated relative to annulus. Influence of secondary tethering on primarily prolapsed leaflet is likely different between lesions with and without chordal rupture. These effects of secondary tethering on primarily prolapsed leaflet were not investigated in this study. Depending on the ability of the LV to respond to correction of MR by recovering its normal size, the degree of postoperative coaptation might remain less than optimal. Chronological changes in PM displacement, LV size, and leaflet tethering seem important, because these suggest LV impairment by primary MR. However, such data were not provided by the current study.
Conclusion
The present study suggests that primary MV prolapse with MR causes LV dilatation, leading to secondary MV tethering. In addition to primary MV prolapse, secondary leaflet tethering also exacerbates MR, constituting a vicious cycle. Figure 6 . Spearman correlation between the severity of mitral regurgitation (vena contracta area [VCA]) and whole mitral valve (MV) tenting volume, prolapse volume, and mitral annular area (MAA). VCA was significantly correlated with both tenting volume and prolapse volume in patients with posterior mitral leaflet (PML) prolapse. VCA tended to be greater with annular dilatation but without statistical significance.
